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Edited by Sandro SonninoAbstract Fluorescence confocal microscopy and diﬀerential
scanning calorimetry are used in combination to study the phase
behaviour of bilayers composed of PC:PE:SM:Chol equimolecu-
lar mixtures, in the presence or absence of 10 mol% egg cera-
mide. In the absence of ceramide, separate liquid-ordered and
liquid-disordered domains are observed in giant unilamellar ves-
icles. In the presence of ceramide, gel-like domains appear within
the liquid-ordered regions. The melting properties of these gel-
like domains resemble those of SM:ceramide binary mixtures,
suggesting Chol displacement by ceramide from SM:Chol-rich li-
quid-ordered regions. Thus three kinds of domains coexist within
a single vesicle in the presence of ceramide: gel, liquid-ordered,
and liquid-disordered. In contrast, when 10 mol% egg diacylgly-
cerol is added instead of ceramide, homogeneous vesicles, con-
sisting only of liquid-disordered bilayers, are observed.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The last decade has witnessed an outburst of research activ-
ity concerning the signiﬁcance of lateral heterogeneity, i.e. exis-
tence of domains, in cell membranes. Once denied, then ﬁercely
debated, it is now generally accepted that biomembranes are
compositionally and functionally heterogeneous along their
surface [1]. Studies in pure lipid vesicles (liposomes) have dem-
onstrated that, even with simple two-lipid mixtures, domain
formation can occur. The coexistence of gel and ﬂuid [2,3],
gel and liquid-ordered [4] and that of liquid-ordered and li-
quid-disordered domains [5] has been shown by a variety of
physical methods (see reviews by Edidin [6] and Simons and
Vaz [7]). The advent of giant unilamellar vesicles (GUV)
[8,9] and the application of confocal ﬂuorescence microscopy
[10] has allowed visualization of domains and domain coexis-
tence in a variety of lipid membranes. In particular, observa-
tion of three-domain coexistence in single vesicles has been
achieved, either in POPC:Cer:Chol mixtures [11], or in
DPPC:DOPC:Chol mixtures [12]. Chiantia et al. [13] observed*Corresponding author. Fax: +34 94 601 33 60.
E-mail address: alicia.alonso@ehu.es (A. Alonso).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.08.016coexistence of three kinds of domains in SM:PC:Chol:Cer sup-
ported bilayers.
Among membrane domains, those enriched in ceramide
have received particular attention because Cer formation is
one of the early steps in the apoptotic pathway [14,15] (see re-
view by Taha et al. [16]). Ceramide is hardly miscible with
other membrane lipids, thus it tends to segregate laterally into
gel-like Cer-enriched domains [17] (see reviews in [18,19]).
London and co-workers [20,21] have made the interesting
observation that Cer displaces Chol from ordered lipid do-
mains containing phosphatidylcholines, or SM, and Chol. This
has been conﬁrmed by other investigators [13,22,23]. The phe-
nomenon is probably related to the previous observation of
cholesterol displacement from plasma membranes induced by
sphingomyelinase activity [24,25].
In the present study, we have applied confocal ﬂuorescence
microscopy to the study of GUVs composed of PC:PE:SM:
Chol (1:1:1:1, mole ratio), a lipid mixture used by us in previ-
ous studies with the aim of mimicking the complex cell plasma
membranes [26,27]. The images reveal that in these vesicles,
liquid-ordered and liquid-disordered phase separation occurs.
Moreover, addition of Cer gives rise to gel-like domains, that
exhibit cooperative melting by diﬀerential scanning calorime-
try, while addition of the structurally similar diacylglycerol
blurs all interdomain boundaries.2. Materials and methods
2.1. Materials
Egg phosphatidylcholine (PC), egg phosphatidylethanolamine (PE)
and egg diacylglycerol (DAG) were purchased from Lipid Products
(South Nutﬁeld, UK). Egg SM, egg Cer and Chol were from Avanti
Polar Lipids (Alabaster, AL). 1,1 0-Dioctadecyl-3,3,3 03 0-tetramethylin-
docarbocyanine perchlorate (DiI) and Alexa Fluor 488 C5-maleimide
were from Invitrogen (Eugene, OR). NBD-Cer was a kind gift of
Dr. G. Fabrias (IIQAB, CSIC, Barcelona, Spain).
2.2. GUV preparation and ﬂuorescence microscopy
GUVs were prepared using the electroformation method developed
by Angelova et al. [8]. For GUV observation at room temperature, a
chamber supplied by L.A. Bagatolli (Odense, Denmark) was used, that
allows direct GUV visualization under the microscope [11]. A PRET-
GUV 4 Chamber supplied by Industrias Te´cnicas ITC (Bilbao, Spain)
was used for vesicle preparation when observation of GUVs at 37 C
or 43 C was required. Stock solutions of lipids (0.2 mg/ml total lipid
containing either 0.2 mol% DiI or 0.2 mol% DiI and 0.4 mol% NBD-
Cer) were prepared in a chloroform:methanol (9:1, v/v) solution. Three
microlitres of the appropriate lipid stocks were added on the surface ofblished by Elsevier B.V. All rights reserved.
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ber under high vacuum for at least 2 h.
2.2.1. Direct visualization of GUVs at room temperature
The Pt electrodes were covered with 400 ll of 10 mM HEPES, pH
7.4 previously heated at 60 C. When required, 3 lM Alexa Fluor
488 was added to the HEPES Buﬀer. The Pt wires were connected to
an electric wave generator (TG330 function generator, Thurlby Than-
dar Instruments, Huntington, UK) under AC ﬁeld conditions (10 Hz,
1 V) for 2 h at 60 C. In some cases, in order to obtain a more clear
domain separation, after 2 h incubation at 60 C heating was switched
oﬀ, while the generator was switched oﬀ only when the temperature of
the chamber reached 37 C. When Alexa 488 was added, the excess dye
was removed by washing the chamber 7 times with 10 mMHEPES, pH
7.4.
2.2.2. Observation of GUVs at 37 C or 43 C
The Pt electrodes were covered with 400 ll of 200 mM sucrose, pre-
viously heated at 60 C. The Pt electrodes were connected to a gener-
ator (TG330 function generator, Thurlby Thandar Instruments) under
AC ﬁeld conditions (10 Hz, 1 V for 2 h, followed by 1 Hz, 1 V, 10 min)
at 60 C. Finally, the AC ﬁeld was turned oﬀ and the vesicles (in
200 mM Sucrose) were collected from the PRETGUV 4 chamber with
a pipette and transferred to a Micro-Incubator Platform DH-40i sup-
plied by Warner Instruments (Hamden, USA) containing an equi-
osmolar buﬀer solution 95 mM NaCl, 10 mM HEPES, pH 7.4. Due
to the diﬀerent density between the two solutions the vesicles sedi-
mented at the bottom of the chamber, which facilitated observation
under the microscope.
After GUV formation, the chambers were located in an inverted
confocal ﬂuorescence microscope (Nikon D-ECLIPSE C1, Nikon
Inc., Melville, NY). The excitation wavelengths were 430 nm for
NBD-Cer, 488 nm for Alexa 488 and 561 nm for DiI. The images were
collected through two diﬀerent channels using band-pass ﬁlters of
515 ± 15 nm for the NBD-Cer and Alexa 488, and 593 ± 20 nm for
the DiI. Image treatment and quantiﬁcation was performed using the
software EZ-C1 3.20 (Nikon Inc.). No diﬀerence in domain size, for-
mation or distribution was observed in the GUVs along the observa-
tion period or after laser exposure.
2.3. Multilamellar vesicle preparation
For multilamellar (MLV) liposome preparation the lipids were dis-
solved in chloroform/methanol (2:1) and mixed as required, and the
solvent was evaporated to dryness under a stream of nitrogen. TracesFig. 1. Confocal microscopy of representative GUVs. Composition is given
room temperature; (C, D) respectively, equatorial and polar planes at 37 Cof the solvent were removed by evacuating the samples under high vac-
uum for at least 2 h. The samples were hydrated at 45 C in 20 mM
PIPES, 150 mM NaCl, 1 mM EDTA, pH 7.4, helping dispersion by
stirring with a glass rod. The ﬁnal lipid concentration was measured
as lipid phosphorus.2.4. Diﬀerential scanning calorimetry
For diﬀerential scanning calorimetry MLV were used. Both lipid
suspension and buﬀer were degassed before being loaded into the sam-
ple or reference cell of a VP-DSC Microcalorimeter (MicroCal, North-
ampton, MA). The ﬁnal concentration of PC:PE:SM:Chol (1:1:1:1,
mole ratio) was 10 mM. Four heating scans, and occasionally a cooling
one, at 45 C/h were recorded for each sample. After the ﬁrst one, suc-
cessive heating scans on the same sample gave always superimposable
thermograms. Transition temperatures, enthalpies, and widths at half-
height were determined using the software ORIGIN (MicroCal) pro-
vided with the calorimeter.3. Results and discussion
3.1. Vesicle morphology
GUVs composed of PC:SM:PE:Chol (1:1:1:1, mole ratio),
prepared by electroformation, and stained with ﬂuorescent
probes were examined by confocal ﬂuorescence microscopy
(Fig. 1). At room temperature (columns A and B) the vesicles
present low mobility, and diﬀerent planes of the same vesicle
can be micrographed, so that three-dimensional reconstruction
is readily achieved. PC:SM:PE:Chol vesicles display lateral li-
pid heterogeneity, i.e. distinct lipid domains are seen. Vesicles
in column A have been stained with DiI, which has a prefer-
ence for the more ﬂuid and disordered phases [28]. When ves-
icle preparation includes Alexa 488, a water-soluble stain that
remains partly entrapped in the vesicles [9] (Fig. 1, column B),
other domains become visible. Under our conditions, most
vesicles appear to contain two domains, the more disordered
one being larger in size (Fig. 1 and Supplementary Material
Fig. S1). At 37 C, the vesicles are not stuck to the coverglass
as in the case of the direct visualization protocol when thein the left-hand column. (A, B) Three-dimensional reconstructions at
. (A, C, D) DiI stain; (B) DiI + Alexa 488 stain. Bar = 10 lm.
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icles can diﬀuse along the coverglass. So adding the second
ﬂuorescent stain is impracticable because the washing step
causes the vesicles to wash oﬀ the coverglass. Images at
37 C (Fig. 1, columns C and D) are only stained with DiI,
and only two planes: equatorial (column C) and polar (column
D) are shown. Still the situation at 37 C appears to be very
similar to that at room temperature, with vesicles composed
of one, larger and brighter, and one, smaller and dimmer, do-
mains.
GUV containing either additional 10 mol% Cer, or addi-
tional 10 mol% DAG or additional 5 mol% Cer + 5 mol%
DAG, were formed and examined by confocal microscopy as
above. Typical images are also shown in Fig. 1 and in Supple-
mentary Material Fig. S1. Additional 10 mol% Cer does not
cause signiﬁcant changes in the morphology at room tempera-
ture (although domain structure is not the same as in the ab-
sence of Cer, see below) while at 37 C peanut-shaped
vesicles are observed. The tendency towards bleb formation
is probably due to the molecular geometry of ceramide
[18,29–31]. Narrow ‘‘waists’’ separating darker from brighter
domains can be seen more clearly at room temperature in ves-
icles containing ceramide and formed using a slightly diﬀerent
protocol as above (Fig. 2). These peanut-shaped vesicles are
only detected in the presence of ceramide. Additional
10 mol% DAG, on the contrary, gives rise to spherical vesicles
at all temperatures, and suppresses lateral heterogeneity, i.e.
no domain separation is seen, rather the whole vesicles appear
uniformly stained by DiI (Fig. 1). Interestingly (column C)
some DAG-containing vesicles appear to contain remnants
of fusion events, as observed by cryo-TEM on a comparable
system [32]. Finally, the equimolar mixture DAG + Cer also
gives rise to homogeneous vesicles, although in some cases,
as in the polar domain of the vesicles photographed at 37 C
(Fig. 1, column D) a small, presumably Cer-enriched, dark do-
main is observed [28].Fig. 2. Confocal microscopy of representative GUVs. In this case, in
the course of GUV preparation, the bath, originally at 60 C, was
switched oﬀ to allow cooling down of the system, while the electric
wave generator was kept on. Vesicle composition is: (top) SM:PC:PE:
Chol (1:1:1:1, mole ratio) + 10 mol% Cer; (bottom) PC:PE:SM:Chol
(1:1:1:1, mole ratio) + 5 mol% DAG + 5 mol% DAG. Fluorescence
stain: DiI (left-hand side); DiI + Alexa 488 (right-hand side).
Bar = 10 lm.3.2. Diﬀerential scanning calorimetry and the nature of lipid
domains
Multilamellar vesicles (MLV) of the same composition as
the GUV described in Fig. 1 were examined by diﬀerential
scanning calorimetry (DSC). MLV are more convenient than
GUV for the calorimetric studies, and abundant data in the lit-
erature support the idea that phase behaviour should be very
similar in both membrane models (see, e.g. [33,34]). MLV com-
posed of PC:SM:PE:Chol at equimolar ratios did not give rise
to any endotherm in the 10–60 C range (Fig. 3). Only one of
these lipids, SM, when in the pure state, exhibits a gel-ﬂuid
transition in this temperature range [35,36], but in binary mix-
tures with cholesterol the transition is abolished as a liquid-or-
dered phase forms. Liquid-ordered phases do not exhibit
endotherms in the temperature range of our studies (10–
60 C) [37,38]. The DSC and microscopy data for the
PC:SM:PE:Chol mixtures are thus compatible with the coexis-
tence of a liquid-ordered and a ﬂuid-disordered phase.
The situation is quite diﬀerent when additional 10 mol% Cer
is incorporated into the vesicle composition (Fig. 3) since a
wide but clearly visible endotherm is detected (midpoint tran-
sition temperature Tm = 35.5 ± 0.11 C; width at half-height
WHH = 8.6 ± 0.45 C; enthalpy change DH = 1.1 ± 0.05 kcal/
mol). The simplest interpretation of the data in Figs. 1–3 is
that Cer is displacing Chol [20] and giving rise to gel-like,
SM- and Cer-enriched domains, which melt down in the 20–
45 C temperature range. This is in agreement with previously
published DSC on the melting data of SM:Cer mixtures [28].
DAG does not give rise to high-melting domains with any of
the other four lipids, thus no endotherm is observed with MLV
composed of PC:SM:PE:Chol:DAG (1:1:1:1:0.4, mole ratio)
(Fig. 3). This is accompanied by the lack of lateral heterogene-
ity in the GUV (Fig. 1 and Supplementary Material Fig. S1).
The uniformly bright DiI staining of the DAG-containing ves-
icles and lack of DSC endotherm suggest that their bilayers are
in the liquid-disordered state. Finally, the mixture containing
additional 5 mol% of both Cer and DAG represents an inter-Fig. 3. Diﬀerential scanning calorimetry of the lipid mixtures under
study. Lipids were dispersed in the form of MLV. Third heating scans.
Lipid composition is given at the right-hand side of each thermogram.
Thermodynamic parameters are given in the main text.
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transition temperature Tm = 29.0 ± 0.84 C; width at half-
height WHH = 8.7 ± 0.91 C; enthalpy change DH = 0.16 ±
0.009 kcal/mol) and correspondingly smaller and/or more
scarce rigid domains (Fig. 1 and Supplementary Material
Fig. S1).
In principle, the diﬀerent eﬀects of DAG and Cer could be
due to either the diﬀerence in polar headgroups, or the diﬀer-
ence in chain length/unsaturation. Without denying the possi-
ble inﬂuence of the headgroups, our own (unpublished)
experiments point to the diﬀerent degrees of alkyl chain unsat-
uration as one major cause for the diﬀerent behaviour of DAG
and Cer towards formation of high-T melting domains. The
egg ceramide used in the present study contains >80% satu-
rated N-acyl chains, and its gel-ﬂuid transition under full
hydration conditions is at ca. 90 C [19], while egg DAG con-
tains only ca. 40% saturated acyl chains and its gel-ﬂuid tran-
sition occurs below 0 C. In binary mixtures with egg SM, the
disaturated dipalmitoylglycerol (DPG) gave rise to high-T
melting domains virtually under the same conditions as egg
Cer (Fig. 4). Note however that other experimental data
underline certain diﬀerences between glycerolipids and sphin-
golipids that appear to be due to the headgroups, rather than
to the alkyl chains [39,40].Fig. 4. Diﬀerential scanning calorimetry of SM/Cer and SM/dipalm-
itoylglycerol mixtures. Lipids were dispersed in the form of MLV.
Third heating scans. Lipid composition (in mol%) is given at the right-
hand side of the corresponding thermogram. (A) SM/Cer mixtures; (B)
SM/DPG mixtures.3.3. Three-domain coexistence
The next question deals with the localisation of the Cer-rich
domains giving rise to the endotherms seen in Fig. 3. Accord-
ing to Londons hypothesis [20] of the displacement of Chol by
Cer in mixtures with SM, Cer-rich domains should appear
either near or within the liquid-ordered regions revealed by
DiI/Alexa 488 in Fig. 1. This was shown to be the case by a
series of observations in which a third ﬂuorescent probe,
namely NBD-Cer was used. This probe consists of a ceramide
in which the N-acyl chain has been derivatised with the ﬂuores-
cent NBD. In a somewhat counterintuitive way, NBD-Cer is
excluded from the gel-like Cer-rich domains, presumably be-
cause the NBD moiety prevents the tight packing of N-acyl
chains that occurs in the gel-like Cer-rich domains [28,29,41].
This is shown in Supplementary Material Fig. S2, in which
egg PC/egg Cer (80:20, mole ratio) GUV were examined. In
this mixture, gel Cer-enriched domains coexist with ﬂuid PC-
enriched ones [29]. Both DiI and NBD-Cer are excluded from
the gel domains. The gel-like nature of Cer-containing do-
mains is reinforced by the observation that, in 3D images,
the boundaries of these domains are not perfectly circular, as
would happen for coexisting ﬂuid domains. The presence of
ﬂuorescent probes in the systems, under our conditions, did
not cause changes in the DSC behaviour of the samples under
study (data not shown).
In the quaternary mixture PC:PE:SM:Chol (1:1:1:1, mole ra-
tio) NBD-Cer is seen to distribute uniformly among the liquid-
ordered and liquid-disordered domains (Fig. 5). Thus, NBD-
Cer allows the distinction between liquid-ordered and gel do-
mains. Interestingly, when PC:PE:SM:Chol GUVs are heated
up to 43 C the DiI distribution reveals that the dark domains
remain present, as expected from liquid-ordered phases (Fig. 5,
bottom pictures). NBD-Cer at 43 C is partially photo-
bleached, thus the GUV image is dimmer than at room
temperature, although it undoubtedly reveals uniform distri-
bution of the probe along the whole vesicle diameter.
In vesicles containing 10 mol% Cer, i.e. the conditions under
which DSC reveals gel-ﬂuid transitions (Fig. 3), NBD-Cer
shows gel domains as small regions within larger liquid-or-
dered domains (Fig. 6, top). No such gel domains were seen
in the absence of Cer (Fig. 5). Moreover, upon heating at
43 C, i.e. the upper end of the calorimetric gel-ﬂuid transition
in Fig. 3, the gel domains are no longer detected, while the li-
quid-ordered domains remain intact (Fig. 6, bottom). In order
to investigate the minimum concentration of ceramide that
gives rise to visible gel domains in GUV, vesicles were exam-
ined that contained 7.5, 5.0, and 2.5 mol% ceramide, respec-
tively, under the same conditions as in the experiment in
Fig. 6. Gel domains were clearly seen with 7.5 mol% ceramide
(Supplementary Material Fig. S3), while with 5.0 mol% the dif-
ference between gel and liquid-ordered domains become fuzzy.
Finally, with 2.5 mol% ceramide, no gel domain could be de-
tected (Supplementary Material Fig. S3). This is in agreement
with DSC data of various ceramide/phospholipid mixtures,
according to which detection of lateral separation of Cer-en-
riched domains requires at least 3–5 mol% ceramide [19,29].
The driving force for sterol displacement by ceramide would
be the hydrophobic eﬀect that tends to minimise unfavourable
contact between the hydrocarbon groups of the small head-
group lipids (ceramides and sterols) and the surrounding aque-
ous environment [22,23]. Hydrocarbon–water contact would
be prevented in ordered domains because of the capacity of
Fig. 6. Generation of gel-like domains in the presence of Cer. Confocal microscopy of representative GUVs. Composition PC:PE:SM:Chol (1:1:1:1,
mole ratio) + 10 mol% Cer. (A, B) Room temperature, 3D-reconstruction; (C, D) room temperature, equatorial planes; (E, F) the same vesicles as in
(C, D), but at 43 C, equatorial planes. Stain: DiI (left-hand side) or NBD-Cer (right-hand side). The white arrows point to gel-like domains, from
which NBD-Cer is excluded. Bar = 10 lm.
Fig. 5. Uniform distribution of NBD-Cer in liquid-ordered and ﬂuid-disordered domains. Confocal microscopy of representative GUVs.
Composition PC:PE:SM:Chol (1:1:1:1, mole ratio) as Fig. 1. (top) Pictures taken at room temperature; (bottom) pictures taken at 43 C. Stain: DiI
(left-hand side) or NBD-Cer (right-hand side). Bar = 10 lm.
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phatidylcholines) to accommodate small headgroup lipids in
the ordered domain lattice. Ceramide would replace sterols
with advantage from this point of view. See in this respect
the ‘‘molecular cavity’’ concept developed for ganglioside/
ceramide mixtures by Carrer and Maggio [42]. The same
phenomenon would occur when SM is degraded by a sphingo-
myelinase to Cer, in bilayers in the presence of Chol [41,43],
even if Cer generated in situ by a sphingomyelinase does not
segregate laterally in exactly the same way as premixed
Cer, clusters of Cer-rich domains being observed in the former
case [41]. Note that, strictly speaking, neither in this or in re-
lated studies is there a direct demonstration of Chol displace-
ment by Cer, since quantitative analysis of the diﬀerent
domains has not been performed yet. However, the simplest
hypothesis that explains the properties of the newly formedgel domains is still that of Cer-rich, Chol-poor membrane
regions.
In conclusion, we have produced morphological evidence
that addition of Cer to vesicles containing PC:PE:SM:Chol
leads very likely to partial replacement of Chol by Cer in the
SM:Chol-rich liquid-ordered domains, with formation of smal-
ler SM:Cer-rich gel domains. This would be in agreement with
previous predictions and observations [13,20,21], and consti-
tutes an unusual example of three-phase coexistence with in
a single vesicle.
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